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Abstract 
Researchers have recently revealed that hybrid lead halide perovskites exhibit 
ferroelectricity, which is often associated with other physical characteristics, such as a large 
nonlinear optical response. In this work, we study the non-linear optical properties of  
single crystal inorganic-organic hybrid perovskite CH3NH3PbBr3. By exciting the material 
with a 1044 nm laser, we were able to observe strong two-photon absorption-induced 
photoluminescence in the green spectral region. Using the transmission open-aperture Z-
scan technique, we estimated the values of the two-photon absorption coefficient to be 8.5 
cm GW-1, which is much higher than that of standard two-photon absorbing materials that 
are industrially used in nonlinear optical applications, such as LiNbO3, LiTaO3, KTiOPO4, 
and KH2PO4. Such a strong two-photon absorption effect in CH3NH3PbBr3 can be used to 
modulate the spectral and spatial profiles of laser pulses, as well as reduce noise, and can 
be used to strongly control the intensity of incident light. In this study, we demonstrate the 
superior optical limiting, pulse reshaping, and stabilization properties of CH3NH3PbBr3, 
opening new applications for perovskites in nonlinear optics. 
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Two-photon absorption (TPA) is a third-order nonlinear optical process involving two 
coherent photons that promote an electron to an excited state, the gap of which corresponds 
to the combined energies of both photons. Nonlinear optical materials play a major role in 
the field of photonics and are expected to become key materials for emerging technologies, 
such as optical information and communication processing,1,2 sensor protection 
applications, and more.3,4 In recent decades, ammonium dihydrogen phosphate and 
potassium dihydrogen phosphate have been the premier nonlinear optical crystals for TPA-
related applications, in part because they can be grown at large scale. Lithium niobate 
(LiNbO3) has also emerged as a promising TPA material based on its high optical 
nonlinearity coefficient, which is ten-times larger than that of ammonium and potassium 
dihydrogen phosphate.5 However, the relatively low optical damage threshold of these 
materials limits their practicality in operations that require high-intensity laser irradiation.6 
In the search for more robust TPA compounds, one strategy is look to materials that 
demonstrate ferroelectric properties, which due to large spontaneous polarization and high 
dielectric constants tend to also display a large nonlinear optical response.7–9  
Researchers recently confirmed the ferroelectric domain of hybrid lead halide 
perovskites,10,11 a property which appears related to the presence of polar molecular cations 
in the crystalline framework.12 These ferroelectric domains may aid the separation of 
photoexcited electron-hole pairs and reduce charge carrier recombination.13 Hence, it can 
be expected that hybrid lead halide perovskites exhibit high optical nonlinearity,14 a 
hypothesis which was recently confirmed.15,16  
Perovskites have already shown exciting promise in applications of photovoltaics,17–19 
light emitting diodes,20–22 and other optoelectronic devices,23 and as a result have attracted 
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increased research focus over recent years. Using an inexpensive and room-temperature 
process,19 researchers have been able to easily synthesize these materials and demonstrate  
their unique electronic and linear optical properties, establishing perovskites as a new class 
of semiconductors. Following the discovery of these unique properties has been the 
development of new optoelectronic applications, including lasers,24 data storage,25 and 
optomechanical sensors.26,27 However, neither the physical mechanisms nor the theoretical 
models of the nonlinear phenomena in perovskites have been studied in detail for optical 
applications.  
In this study, we measure TPA-induced photoluminescence (PL) in single crystal 
methylammonium lead bromide (CH3NH3PbBr3 or MAPbBr3) as well as the corresponding 
TPA coefficient using the transmission open-aperture Z-scan technique at an excitation 
wavelength of 1044 nm. With this method we were able to study the physical mechanism 
of optical nonlinearity in MAPbBr3 and demonstrate several TPA-based nonlinear optical 
applications, including optical limiting, stabilization, and reshaping of laser pulse signals. 
These properties are essential for practical applications in any optical system and can be 
used to control laser noise, modulate various electromagnetic fields, and protect delicate 
optical sensors. These theoretical and experimental advances in MAPbBr3 nonlinear 
optical applications suggest new potential for perovskite photonics. 
 
Results and discussion 
The anti-solvent vapor-assisted crystallization method was used to grow large single 
crystal MAPbBr3 perovskite for nonlinear optical characterization. The MAPbBr3 crystal 
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(2.8 mm in length, 2.7 mm in width, and 3.8 mm in thickness) appeared orange-colored 
and featured rectangular facets, as shown in Figure 1a.  
We determined our synthesized material featured a perovskite phase using powder X-
ray diffraction (XRD). As shown in Figure 1b, the diffraction peaks at 15.16º, 21.37º, and 
30.3º corresponding to the (001), (011), and (002) lattice planes of the cubic structure, 
respectively, are consistent with previously reported single crystal MAPbBr3 grown at 
room temperature.28–30 The XRD pattern also shows that the MAPbBr3 sample has a highly 
crystalline cubic phase. The XRD analysis reveals the material is also single crystal (see 
Table S1 for more details).28 Figure 1c shows the unit cell of MAPbBr3. The material adopts 
the bonding structure typical of perovskites, which can be described by the chemical 
formula ABX3, where A and B represent cations of different sizes and X is an anion that 
bonds to both A and B. In MAPbBr3, the organic cation A is methylammonium (CH3NH3+), 
the metal cation B is Pb2+, and the anion X is the halogen Br1-. The methylammonium 
cation is surrounded by PbBr6 octahedra.  
To understand the thermal properties of the single crystal MAPbBr3, we performed 
thermogravimetric analysis (TGA; Figure 1d). The thermal decomposition of MAPbBr3 
began and finished at temperatures of 320 °C and 592.1 °C, respectively. The material 
exhibits a two-step decomposition process with weight losses of 23.4% and 14.2% at each 
step. Note that materials used for optical devices must exhibit high thermal stability in 
order to avoid significant distortion caused by illumination-induced thermal gradients and 
damage.31,32 As compared with many polymers and organic TPA materials, the 
thermodynamic stability of MAPbBr3 is relatively high. In contrast, the related perovskite 
CH3NH3PbI3 begins to decompose at a temperature of 294 °C.33,34 Additionally, MAPbBr3 
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is known to be more stable in air.31 The enhanced ambient and thermal stability of  
MAPbBr3 can be attributed to its cubic structure and strong Pb−Br bonds.32 The advantages 
of this material thus motivated us to study its TPA and related applications. 
Two-photon excited fluorescence and a simplified energy-level diagram of the TPA 
process are shown in Figure 2a. The mechanism is initiated by the simultaneous absorption 
of two photons featuring energies of less than the absorbing material’s bandgap. 
Subsequent fluorescence occurs through the emission of a single photon at a higher energy. 
We can observe this process with the naked eye, as shown on the right-hand side of Figure 
2a, in which the MAPbBr3 crystal displays green fluorescence as it is pumped with a pulsed 
laser at a lower energy wavelength of 1044 nm and power density of 0.1 MW cm-2. Figure 
2b shows the linearly and nonlinearly (i.e., TPA) photoexcited PL spectra of the MAPbBr3, 
excited with 522 nm and 1044 nm wavelengths, respectively. The TPA-induced emission 
occurs at 550 nm with a full width at half maximum of 17 nm. The same green emission 
can be seen while exciting the MAPbBr3 sample with the 522 nm laser via linear single-
photon absorption.37 The linear and nonlinear PL spectra line shapes are slightly 
asymmetric, which can be decomposed into the contribution of states from residual 
PbBr2.38 This is also supported by evidence of a small XRD signal at 2θ = 16º～17º next to 
the (001)-oriented MAPbBr3-related XRD peak at 15.16º.39 These PbBr2 composites are 
known to assist the radiative process in MAPbBr3. 
In principle, the nonlinear optical properties of a medium can be expressed using the 
high-order terms in a Taylor series expansion of the dielectric polarization density as a 
function of the applied electric field (E).40  The dielectric polarization density (P) is given 
as: 
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                                 𝑃𝑃𝑖𝑖 = 𝜀𝜀0�𝒳𝒳𝑖𝑖𝑖𝑖(1)𝐸𝐸𝑖𝑖 +𝒳𝒳𝑖𝑖𝑖𝑖𝑖𝑖(2)𝐸𝐸𝑖𝑖𝐸𝐸𝑖𝑖 +𝒳𝒳𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(3)𝐸𝐸𝑖𝑖𝐸𝐸𝑖𝑖𝐸𝐸𝑖𝑖 +⋯�,  (1) 
in which χ is the nth-order susceptibility of the medium. The first term on the right-hand 
side of the equation represents the linear response of the medium when the dielectric 
polarization is the same frequency as the applied electric field. The second and third terms 
represent the second- and third-order optical nonlinearities, which involve at least two 
applied electric fields that can induce a new polarization field at a different frequency.  
 To confirm the applicability of Equation (1), we characterized the polarization 
dependence of the perovskite’s TPA, as it strongly depends on the crystal symmetry (Figure 
2c).41 The polarization dependent emission spectra were measured using a normal-
incidence backscattering geometry as the laser polarization was rotated around the 
perpendicular axis of the MAPbBr3 crystal orientation (see inset of Figure 2d). According 
to the selection rule of second-harmonic generation, PL intensity measured at the normal 
backscattering geometry should follow:42 
                                                            𝑆𝑆 = 𝜂𝜂 × sin2(2𝜃𝜃) ,                                                (2) 
in which S is the PL intensity, η is a proportionality constant, and Ɵ is the rotation angle of 
the linear polarizer. As shown in Figure 2d, when we plotted the emission intensity of the 
MAPbBr3 as a function of the rotation angle Ɵ, the result demonstrated 90° periodicity 
with maxima at Ɵ = 45°, and 135°, in agreement with the fitted sin2(2Ɵ) dependence 
described in Equation (2). Such a four-fold symmetry of the polarization angle-dependent 
PL certifies that the perovskite lattice exhibits a four-fold rotational symmetry along the c-
axis.41,43,44 This is also strong evidence confirming the single crystallinity of the MAPbBr3 
sample as the four-fold symmetry of the polarization angle dependent PL cannot be 
observed in polycrystalline materials.45 
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In Figure 2e, we demonstrate the power dependence of the TPA-induced PL of the 
single crystal MAPbBr3 at room temperature by increasing the pumping power (i.e., 
intensity) of the 1044 nm exciting laser from 0.58 mW (0.001 MW cm-2) to 2.57 mW (0.004 
MW cm-2). The resulting PL emission intensity at 550 nm as a function of the excitation 
power can be fit with a quadratic relation (Figure 2f), revealing that the PL of the single 
crystal MAPbBr3 is mainly due to the TPA process.46,47  
To quantify the optical nonlinearity of the MAPbBr3, we employed the transmission 
open-aperture Z-scan technique, which is a highly sensitive single-beam experimental 
method for determining TPA coefficients.48 The Z-scan technique is described in detail in 
Ref. 48. A standard Z-scan analysis is done by moving the sample back-and-forth from the 
focal point of the pulsed laser beam along its optical axis (defined as the z-axis) via a 
continuously tunable optical attenuator plate. Under the assumption that the laser beam 
intensity follows an ideal Gaussian profile, the normalized open-aperture Z-scan 
transmittance can be given by:49 
                                   𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = �1 + (𝑛𝑛 − 1)𝛼𝛼𝑛𝑛𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒(𝐼𝐼0/(1 + (𝑧𝑧/𝑧𝑧0)2))𝑛𝑛−1�−1/(𝑛𝑛−1) 
  𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 = 1−𝑒𝑒−𝛼𝛼𝛼𝛼𝛼𝛼                                              (3) 
in which αn denotes the effective multiphoton absorption coefficient, Leff is the effective 
length of the sample, α is the linear absorption coefficient, L is the actual length of the 
sample, I0 is the laser intensity, and z0 is the diffraction length of the laser beam (also known 
as the Rayleigh length). Using Equation 3 to fit the Z-scan experimental data shown in 
Figure 3, we numerically calculated the effective TPA coefficient (α2) as 8.5 cm GW-1 for 
the single crystal MAPbBr3 at 1044 nm excitation, which is significantly higher than other 
well-known semiconductors that feature TPA at similar wavelengths, such as  CdTe (0.02  
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cm GW-1 at 1300 nm)50 and GaSe (～6.3 cm GW-1 at 1060 nm).51 The TPA coefficient of 
MAPbBr3 is much higher than other commonly used TPA crystals, such as LiNbO3 (3.5 cm 
GW-1 at 388 nm),52 LiTaO3 (2 cm GW-1 at 800 nm),53 KTiOPO4 (1.8 cm GW-1 at 800 nm),54 
and KH2PO4 (0.3 cm GW-1 at 532 nm).55 It is also 17-times greater than that of single 
crystalline Si (～0.5 cm GW-1 at near-infrared wavelengths).56–58  
Such a strong TPA effect observed in single crystal MAPbBr3 opens it to potential 
applications in optical switching and limiting devices, which require large optical 
nonlinearity.59,60 For example, when an optical signal passes through such a medium, large 
TPA can help to nonlinearly scale down the transmission of the optical wave. In this manner, 
any intensity fluctuation of the incident light can be significantly suppressed to provide a 
more stabilized output. To study the optical stabilization properties of MAPbBr3, we 
compared the signal intensity fluctuations of both the optical input and output laser pulses 
in Figure 4a,b. The relative intensity noise can be given by the following equation:  
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚−𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚(𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚+𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚)/2 × 100%                                                      (4) 
in which Smax and Smin are the strongest and lowest signal intensity, respectively. As 
expected, the laser beam with a relative intensity noise of approximately ± 2.4% at the 
input signal can be effectively reduced to about ± 0.34% for the output pulse, indicating 
that nearly one-order-of-magnitude reduction of the fluctuation in noise can be achieved 
by utilizing the TPA properties of single crystal MAPbBr3 for superior optical stabilization. 
For comparison, epoxy rod and neat liquid crystal can only stabilize the optical power 
fluctuations of the laser by a factor of 2.8 and 2.2, respectively.61,62 These results 
demonstrate that MAPbBr3 is capable of performing the optical stabilization needed to 
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reduce the relative intensity fluctuation of lasers (i.e., noise) and can be applied to a laser 
system as an optical power stabilizer.62,63  
Controlling the amplitude, phase, and frequency modulation of electromagnetic fields 
has proven useful for a wide range of applications in spectroscopy.64 Materials that feature 
large TPA can also play important roles in reshaping the spectral and spatial profiles of 
laser pulses.65,66 Figure 4c shows the relative intensity of the spatial profile of the laser 
pulse. After passing through the MAPbBr3 crystal, the profile of the output signal becomes 
much flatter and smoother (Figure 4d). The modulation depth (i.e., the spatial intensity 
fluctuation, defined as the deviation of the peak amplitude over the mean of the amplitude) 
for the incident and transmitted laser pulses were estimated to be ～80% and ～35%, 
respectively. This reduction of the modulation depth of the optical wave after transmitting 
through single crystal MAPbBr3 is 1.6-times greater than when an organic chromophore is 
used, such as AF-350, which researchers observed can reduce the modulation depth from 
～67% to just ～39%.65 The response time of this optical stabilization effect can almost be 
ignored, as the time delay between the input and output laser pulses is in the range of a few 
nanoseconds of the TPA-induced florescence. That is to say that the strong reshaping effect 
of MAPbBr3 can be used to control the noise in the laser beam, which provides an attractive 
route for future optical-based modulators and optical communications based on spectral 
manipulation.  
Due to its large TPA coefficient, it is expected that MAPbBr3 can also serve as an 
effective optical limiter for laser pulses. An optical limiter is a device that strongly 
decreases the intensity of intense optical signals while maintaining relatively high 
transmittance for weak optical inputs.67 Figure 4e shows the nonlinear output intensity 
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versus the input intensity of a 300 fs laser pulse at a wavelength of 1044 nm and a repetition 
rate of 20.8 MHz. We observed that when this beam was placed through the MAPbBr3 
crystal, the transmittance increased from 0.38 W μm-2 to 1.03 W μm-2 as the input intensity 
increased from 0.61 W μm-2 to 4.97 W μm-2, demonstrating the excellent optical limiting 
behavior of the perovskite. At low intensity, the laser passing through the MAPbBr3 suffers 
from small loss of incident energy. Increasing the input laser intensity attenuates the 
transmitted signal, demonstrating a gradually saturating behavior of the transmitted laser 
pulse intensity. Such optical limiting behavior of a TPA medium at a fixed wavelength can 
be calculating using the following equation:59 
                                   𝐼𝐼(𝑥𝑥, 𝐿𝐿) = 𝐼𝐼(𝑥𝑥, 0)𝑇𝑇 = ln(1+𝛽𝛽(λ)𝐼𝐼(𝑥𝑥,0)𝐿𝐿)
𝛽𝛽(𝜆𝜆)𝐿𝐿 ,                                       (5) 
in which I(x,0) is the transverse intensity function of the optical incidence at wavelength λ, 
and β and L are the TPA coefficient and optical path length of the TPA medium, respectively. 
The calculated and measured results in Figure 4e correspond well when we applied the 
effective TPA coefficient that had been calculated from the numerical fitting in Figure 3 
(α2 = 8.5 cm GW-1). This result strongly supports the validity of the TPA coefficient that 
we determined via the open-aperture Z-scan experiment.  
Note that the optical limiting behavior is very sensitive to the size of the aperture in 
front of the detection unit, which can significantly block the output pulse’s energy as it is 
being measured.68 A larger aperture can be used to reduce the influence of other nonlinear 
processes, such as self-focusing, self-defocusing, and thermal effects occurring in 
nonlinearly absorbing media.69 Figure 4f shows the nonlinear output energy versus the 
input energy of the laser pulse measured with an F/32 aperture located behind the medium 
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but before the sensor. As a result, the nonlinear transmittance greatly decreases to 462 W 
μm-2 as the input intensity is increased from 606 W μm-2 to 4970 W μm-2. This design 
improves the optical limiting performance of the perovskite simply by using an aperture in 
front of the detection unit. For future applications, single crystal MAPbBr3 could be 
considered for the protection of delicate optical sensors, such as the human eye and charge-
coupled device (CCD) detectors from high intensity laser radiation that could otherwise 
cause irreversible damage. 
Conclusion 
In summary, we investigated the TPA properties and demonstrated corresponding 
applications of inorganic-organic hybrid perovskite MAPbBr3 crystals. The intense TPA-
induced PL can be observed with a 1044 nm laser to pump the crystal. Using the 
transmission open-aperture Z-scan technique and theoretical fitting, we obtained an 
effective TPA coefficient for the material of 8.5 cm GW-1. Moreover, we have demonstrated 
several nonlinear optical applications of the perovskite, including optical reshaping, 
stabilization, and limiting behavior on intense pulsed laser signals. Based on these results, 
we believe the organometallic trihalide perovskite holds great promise as a high-
performance, low-cost nonlinear absorber for applications in ultrafast photonics. 
Methods 
Chemicals and reagents. Lead (II) bromide (PbBr2, ≥98%), methylamine (CH3NH2, 
40% wt/wt aqueous solution), N, N-dimethylformamide (DMF, ≥99.8%), dichloromethane 
(DCM, ≥99.8%), hydrobromic acid (HBr, 48% wt/wt aqueous solution, ≥99.99%) and 
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ethanol (≥99.8%) were purchased from Sigma-Aldrich and used without further 
purification.  
MAPbBr3 single crystal synthesis. We first synthesized methylammonium bromide 
(CH3NH3Br) by stirring an equimolar solution of HBr and methylamine for 2 h at 10 °C, 
followed by recrystallization from ethanol.  MAPbBr3 crystals were then grown using the 
anti-solvent vapor-assisted crystallization method,70 in which an equimolar amount of lead 
bromide (PbBr2) and the CH3NH3Br crystals were dissolved in DMF, followed by the 
addition of DCM. The slow diffusion of DCM vapor through the solution helped initiate 
single crystal MAPbBr3 growth.  
X-ray diffraction. A small flake (~0.1 mm × 0.1 mm × 0.08 mm) was cleaved from the 
as-grown MAPbBr3 crystal. We measured the XRD spectrum on a Bruker KAPPA APEX 
DUO Diffractometer using IμS Cu radiation at 296 K (λ = 0.71073 Å), and an APEX II 4K 
CCD detector. The phase purity was measured via powder XRD using a Bruker D8 
Advance diffractometer (Bragg–Brentano geometry) equipped with a Cu Ka X-ray tube. 
Thermogravimetric analysis. Thermoanalysis of the single crystal MAPbBr3 sample 
was performed at a heating rate of 1 ºC min-1, from 25 ºC up to 600 ºC under nitrogen 
atmosphere (99.999%, 20 ml/min) using a TGA combined with a mass spectrometer 
(NETZSCH TGA/STA-QMS 403 C). 
Measurements of nonlinear optical properties. To study the nonlinear optical 
properties of MAPbBr3, a frequency-doubled solid-state laser (femtoTRAIN IC-Yb-2000) 
was used to pump the perovskite crystal (λpump = 1044 nm, repetition rate = 20.8 MHz, 
pulse length = 300 fs) with a spot-size of ~8.5 μm in diameter. The MAPbBr3 sample was 
excited through an aberration corrected 60×/0.70 numerical aperture and a long working 
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distance objective lens (Nikon CFI Plan Fluor). The resulting emission was collected 
through the same objective, in which the incident and reflected light propagate parallel to 
the z-axis of the MAPbBr3 crystal. The collected light was spectrally filtered to remove the 
pump laser wavelength. Spectral measurements were made using a grating spectrometer 
(Acton, SpectraPro 2750) featuring a resolution of 0.18 nm and a CCD detector (Princeton 
Instruments, PIXIS). For polarization analysis, a linear polarizer was inserted in the parallel 
beam path and the polarization axis was rotated to match the orientation of the crystal.  
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Figure 1. (a) An MAPbBr3 single crystal grown by the anti-solvent vapor-assisted 
crystallization method. The size of this particular crystal was 3.8 x 3.4 x 2.9 mm. (b) The 
XRD spectrum of the MAPbBr3 powder. (c) The crystal structure of the 
MAPbBr3 perovskite as visualized through single crystal XRD. (d) The thermogram of 
single crystal MAPbBr3 in Nitrogen atmosphere, displaying a two-step thermal 
decomposition process. 
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Figure 2. (a) A schematic of the TPA mechanism for the absorption of light at 1044 nm via 
two-photons and the resulting single-photon PL emission at 550 nm. The real eigenstates 
and intermediate state are represented by solid and dashed lines, respectively. The 
MAPbBr3 fluorescence appears as the emission of green light (indicated by the arrow) that 
is visible to the naked eye. (b) The linear (green) and two-photon-induced (red) PL spectra 
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of MAPbBr3 excited by 522 nm and 1044 nm laser wavelengths, respectively. (c) The 
polarization dependence of the two-photon-induced PL spectra of the MAPbBr3 single 
crystal recorded at a rotation angle (Ɵ) from 0º to 90º measured in a backscattering 
geometry. (d) The rotation angle Ɵ vs. the intensity of the two-photon-induced PL emission 
at 550 nm. The solid line represents the best fit to the calculated polarization dependence 
of the PL using Equation (2). The inset shows the normal backscattering geometry used in 
the PL system. (e) The excitation power dependent two photon-induced PL spectra of 
MAPbBr3. The black vertical arrow indicates the increasing excitation intensity, from 0.58 
mW to 2.57 mW. (f) The evolution of the two-photon-induced PL intensity at 550 nm vs. 
the excitation power intensity. 
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Figure 3. Open aperture Z-scan measurements (black) of the single crystal MAPbBr3. An 
effective TPA coefficient of 8.5 cm GW-1 was obtained from the theoretical fitting (red) 
based on Equation (3). 
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Figure 4. Intensity profiles of the (a) input and (b) output laser pulse fluctuations. The 1044 
nm, 300 fs laser pulses at a 20.8 MHz repetition rate passed through the single crystal 
MAPbBr3 sample. The relative pulse intensity distributions of the (c) input pulse and the 
(d) output pulse as it passed through the perovskite. (e) Optical limiting response of 
MAPbBr3. The red best fitting curve incorporates an effective TPA coefficient of 8.5 cm 
GW-1. (f) Measurement of the optical limiting effects of the MAPbBr3 sample, using an 
experimental setup that featured an F/32 aperture before the detector. 
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